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CHAPTER 1

INTRODUCTION

Microwave interftrometry is a non-perturbing technique,
suitable for continuously monitoring the propagation of reaction
fronts in energetic materials or compressive waves and shock
fronts in any material. The fact that microwaves penetrate most
energetic materials with very little loss and negligible effect
makes this method feasible. Equally important is the fact that
microwaves are at least partially reflected by shock waves and
reaction fronts. Thus, microwaves can "look into" materials
continuously and non-intrusively while monitoring the location of
moving reflection zones. The results of these investigations
provide quantitative data for the improvement or verification of
models being developed to predict the sbock-to-detonation
transition (SDT) and the deflagration-to-detonation transition
(DDT).

Much of the current understanding of SDT has been obtained by
high-speed photography of unconfined solid charges or weakly

confined porous charges. High-speed photography and flash
radiography of weakly confined porous charges have been essential
in elucidating the DDT mechanism. Modeling these experiments is

complicated by the loss of confinement, especially when the event
is not prompt, as in DDT. Therefore, more highly confined
experiments, often using thick wall steel tubes; are desired to
support "one-dimensional" modeling efforts. The drawback is that
these tubes are not suitable for high-speed photography and flash
radiography. The experiments still need to be well instrumented,
but the available methods primarily involve inserting ionization
probes and pressure transducers through the wall of the tube. The

disadvantages of probes and transducers include weakening the

confinement, being only discreetly located, and affecting the

event if they are not flush with the inner wall. Microwaves, on

the other hand, can be transmitted into the downstream end of

confined material to provide a continuous record of front

positions without any of the aforementioned disadvantages.

1-1
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Paily studies of energetic material detonation velocitie:
using microwave interferometry beqan in Germany during World
War II by Lochte-Holtgreven and Koch. The first available report

of this work was given by Koch1 in 1953. The experiments
resembled the operation of radar in that a microwave signal at 1.3
GHz was transmitted and received through air, via an antenna. The
signal from the antenna traveled to the unconfined explosive and a
small fraction of it was reflected from the detonation front.
Since the front was moving, a Doppler shift was added to the
reflected wave and when received, allowed processing to determine
the frontal velocity. These experiments were repeated at 9.4 GHz
on different materials in the United States by Cook, Doran and

Morris 2 in 1955. The problem with these open experiments is that
the wavelength in the explosive was unknown and thus the velocity
could only be estimated.

A little later, Cawsey, Farrands, and Thomas 3 in Australia
used an interferometer that totally encased the explosive in a 35
GHz metallic, rectangular waveguide. This modification allowed an
exact knowledge of the electromagnetic waves (wavelengths) within

the sample. In the mid 1960's, Johnson4 at Redstone Arsenal used
an interferometer to couple the signal directly into an unconfined
energetic material that served as a dielectric rod to observe the
growth-to-detonation using a microwave interferometer compared
with streak camera results. Here, the sample was again
unconfined, but the knowledge of unconfined electromagnetic waves
was well defined by this time. In 1973, Alkidas, Clary, Giles,

and Shelton5 at the Georgia Institute of Technology developed an
interferometer that measured the phase change from the reflected
signal of a burning propellant. This system differs from most
interferometers which measure the rate of change of phase (Doppler
frequency). The arrangement enabled them to increase their
resolution from 180 degrees (one-half cycle) to 0.2 degrees.

Russell pressurized his burning propellants and used an
interferometer to determine the burning rates at elevated
pressures. By 1986, microwave techniques had matured to the point

where Stanton, Venturini, and Dietzel7 reported on the development
of three interferometers at 10, 35, and 91 GHz. They emphasized
tuning, signal canceling, quadrature detection, and monitoring of
the return signal intensity, all in an effort to obtain precise
and accurate data in studies of SDT and DDT.

1-2
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At Naval Surface Warfare Center (NSWC), an x-band (8.2 to
12.4 GHz) microwave displacement interferometer has been
developed. The interferometric circuit is based on that used by

Stanton, et al., 7 at the Sandia National Laboratories. In this
interferometer, a sinlgle frequency source signal is split inLU two
portions, a reference signal and u test signal. The test signal
is guided to, and enters, the downstream end of the test sample
which is enclosed in conductive waveguide. Microwave reflections
occur at ionized reaction zones or dielectric discontinuities. A
portion of the incident microwave signal is reflected at the
discontinuity caused by the leading compressive front. Any
remaining signal passes through the front to be reflected from
other moving discontinuities in the experimental sample. Since
the reflectors of interest move, a Doppler shift in frequency is
added to the microwave frequency. The Doppler shifted return
signal is received by the detector (mixer) where i. combines with
the reference signal to produce a Doppler frequency "beat fringe"
output--video frequency signals (DC to 10 MHz) defined by the
difference between the reference and the reflected test signals.
The output of the interferometric mixer can be analyzed to give
displacement versus time histories of the various reflection
fronts.

A major problem in the interpretation of the recorded
waveforms is distortion. Development of an automated dielectric

ccnstant measurement system8 at NSWC has alloed the application
of improved matching techniques to remove some of the unwanted
reflections that cause distortion. This is accomplished by

impedance matching 9 between the dielectric constant of the air
which fills the empty waveguide and that of the higher dielectric

of the test bed, also confined in t.ie waveguide. Unwanted
reflections cause distortion in the output fringes by developing
harmonics and by exciting higher order modes. These signals,

superimposed on the desired reflections, form the resultant
waveform and introduce additional obstacles to overcome in the

analysis of resulting data. Even with perfectly matched equipment
and materials, there is still a residual output distortion that is
intrinsically produced by the mechanism being investigated.
Signal processing must then be used to decipher the output and

separate it into its precisely measurable components. Synthesis
of signals was first tried and was helpful for the simplest of
distortions. Currently, development of Fourier transform analysis
methods for more complicated signals is being attempted.

1-3
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The interferometric technique has been applied to investigate
SDT and the latter stages of DDT in porous energetic materials.
Information and discussions or tnh development of this technique
cover simple SDT testing in both rectangular and circular
wajeguide experiments, and interfaces developed for use with two-
dimensional s.iock initiation (gap) experiments and the piston
driven compact:ion (PDC) apparatus. Most of the work reported here
has been performed in conjunction with more conventional
diagnostic techniques in order to verify the results. Along with
the evolution of the interferometric technique, analytic models
were required to understand the reduction of test data. These
analytic models are presented for clarity. Much of the data
analysis results from a straight forward measurement of a single
reflecing front, but the norc complex analysis of multiple
reflections is also presented. The successful application of
Fourier transform methods ir separating the constituent reflected
waveforms is expected to inrproved the resolution of reduced data.
This methodology is being pursued and preliminary data are
presented.

1-4
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CHAPTER 2

MICROWAVE INTERFEROMETER

Interferometic CIrcuit

The interferometric cir'cuit (shown schematically in Figure 2-1)
is suitable for use with any microwave frequency. In prac-ice, an
x-band '6.2 :o 12.4 GHz) circuit is used since many components are
readily available in this frequency range. The circuit is put
together with rectanguiar waveguide of dimensions 0.400 x 0.900 in
(10.16 x 22.86 mm) ze-aise rectangular waveguide has lower iosses
compared to coaxial cabling.

As shown in Figure 2-1, the source signal is routed through an
isolator and a manuial waveguide switch to the first passive
device, a 20 dB coupler, where 1/100 of the signal is split off to
be used later for tuning. The major portion of the source si:gnal
is guided to a 10 dB directional coupler, where approximately one
tenth of the signal is removed for use as a reference signal in
the quadrature mixer. The remaining signal which passps through
:he coupler is used as the test signal and is guided through a
directional isolator, a reversed _ dB directional coupler, a
second switch, a sliding stub tuner, and an electric isolator
before being directed to the test section. The electric isolator
pr2vents any electrical energy from being transmitted, by the
conauctive portion of the guide, to or from the energetic material.
Beyond this isolator there are 2 to 4 m of waveguide passing
tnrough the firing chamber wall to reach the test section some
distance within. The test section consists of an experimental
apparatus tnat serves as the waveguide which is loaded with the
material being tested. Originally, a section of x-band
rectangular waveguide was used for technique development: later, a
transition section, opening to 25.4 mm inner diameter (ID)
circular waveguide, was developed to integrate with ongoing
test .nq.

2-1



NSWC TR 88-362

WAVEGUIDE
SWITCH

ANALYZER IOAO

SCOAXIAL

"CROSS TALK"
CANCELING LEG

REFERENC 10ITE

ATIENUATOR

DATAENC SINA DATAATOR

1/22



NSWC TR 88-362

When the incident microwave signal is reflected from
discontinuities within the test, the signal travels back along the
same path until encountering the reversed 3 dB coupler. At that
point, the reflected test signal is directed to flow only out of
the split leg of the coupler due to the action of the directional

isolator. The signal then follows along the rest of the
interferometer's test leg where it is combined with the signal
split from the source by the 20 dB coupler. This small signal is
phase shifted and amplitude adjusted to cancel the "cross-talk"
occurring due to the limited directivity of the reversed 3 dB

directional coupler. (In other interferometers, a circulator is
used in place of the reversed 3 dB coupler and isolator, yet cross-
talk in circulators still requires a small cancellation signal.)
The "corrected" return signal is then guided into the quadrature
mixer after 1/10 of the signal is split off as a reflected
intensity monitor. In the mixer, the reference and return signals
are combined to form a Doppler shifted output "beat" fringe, which
is further split to form a quadrature record (2 signals separated

in phase by T, or 90 degrees) to increase the accuracy of

analysis techniques.

In analyzing an output beat signal, the portion of the fringe
which changes at the highest rate gives data having the best
resolution. To improve continuous resolution, the fringe signal
is repeated such that when one signal is reaching a peak in its
uput (poorest resolution), the other is sweeping through its

greatest change in slope. An example of mixer output from an
"ideal" total reflector moving at constant velocity within a test
is given in Figure 2-2. It shows two perfect sine waves in

quadrature (separated by - in phase). It is the quadrature signal

that is analyzed to reveal the displacement histories of the
moving reflectors within the walls of the confined test sample.
The instantaneous amplitude of these two signals from the
quadrature detector can be written as

2-3
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Data I = f(x)e 2ax cos 2Px(t), and (2-1)

Data II = fx)e 2 ( x sin 2px(t), (2-2)

where
x(t) = distance from the reflecting surface at time t

= attenuation constant

= phase constant = 2/k g

kg = waveguide wavelength in the dielectric sample

e 2 ( x = round trip absorption loss in the sample

f(x) = conversion function of matched detectors.
9

Dividing Equation (2-1) into Equation (2-2) produces

Data II f(x)e 2Cx sin 2Px(t)
2ax * = tan 20x(t), (2-3)

Data I f(x)e cos 2px(t)

and by taking the inverse tangent and solving for position,

x(t) = Xg * [ tan-1 [ Data II / Data I }/471 . (2-4)

In order for the position of the reflector in Equation (2-4) to
move continuously with time, the discontinuous arctangent function

must be incremented by n at each asymptote.

Ignoring other considerations, it can be seen from
Equation (2-4) that the interferometer should operate at the
highest possible frequency, to provide the highest resolution.
However, if the waveguide size is fixed and the frequency is
increased without limit, other higher order mode patterns will be
excited in addition to the dominant mode. Each of these higher
order modes have different velocities. They not only arrive at
the detector at different times but also have different field
patterns which will not always be detected. The result is
distorted sinusoidal output from the interferometric circuit. If,
on the other hand, the waveguide size is reduced as the frequency
is increased to allow only the dominant mode to propagate, the

critical '.ameter8 of the energetic materials would be reached.
Compromise within these constraints must be and have been made.

2-5
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One major consideration in this work was the need to integrate
the testing circuit with ongoing SDT/DDT experimental studies.
Some of the studies are performed in 25.4 mm (1 in) ID cylinders.
Fortunately, it is a simple matter to convert from the dominant
transverse electric mode, TE01, of a rectangular waveguide to the

dominant TE11 mode of a circular waveguide using a commercially

available tapered section. To avoid exciting higher order modes
in the 25.4 mm ID circular waveguide, it is necessary to restrict
Lhe upper operating frequency to 9 GHz. These compromises
resulted in the use of an interferometric circuit with an x-band
source signal ranging between 8.2 and 9.0 GHz in predominantly
rectangular waveguide, which is usually transformed to circular
waveguide for the energetic samples.

Circuit Tuning

Proper tuning of the circuit is necessary to record accurate
information with the interferometer. A mistuned circuit can
result in the reflection of part of the return signal which
appears as harmonic distorion to the output. The distortions
produce an uncertainty in determining the Doppler frequency.
Initial circuit tuning is accomplished by careful adjustment of
passive waveguide components while monitoring changes with a
network analyzer (NA). The NA is a commercial instrument that
permits the impedance of a microwave circuit to be determined.
Two waveguide switches in the interferometric circuit (SW in
Figure 2-1) are used to bypass the main portion of the circuit and
allow the source signal to be routed through a NA to tune only the
test leg cf the circuit which is beyond the second switch. A
matched waveguide load is mounted to the second waveguide switch
in place of the sliding stub tuner which is located at its output
(just outside the chamber wall in Figure 2-1). The coaxial tuner,
located at the output switch jack of the NA, is then adjusted
until the NA shows zero reflection, thus tuning out any mismatches
or reflections between the NA and the second switch. The load is
removed and the test leg is reconnected to the circuit with the
load now mounted at the end of the leg in place of the test
sample. Next, the sliding stub tuner just beyond the second
switch is adjusted to null-out any unwanted reflections detected
by the NA in this last part of the line. The use of the NA is
complete at this point, and the switches are set to route the
source signal through the interferometric circuit.

To complete the tuning, the matched load is replaced with a
motorized sliding short. This apparatus drives a microwave short
(total reflector) periodically back and forth within a section of

2-6
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waveguide. The moving short adds the Doppler component to the
microwave reflection which is needed to produce an output from the
quadrature detector. The directivity bleed-through of the
reversed 3dB coupler is unwanted and can be canceled while the
sliding short is reciprocating. This is accomplished by adjusting
the phase shifter and attenuator combination to reduce reflected
intensity variations while the sliding short is operating. Also,
any other unwanted reflections that were not previously canceled
get tuned out in this process. Next, the outputs from the
quadrature mixer are displayed on an oscilloscope in x-y mode.
Constant motion of the motorized short yields output from the
mixer of two quadrature displaced sine waves. Ideally, their
combined Lissajous pattern in x-y space forms a perfect circle.
The pattern is adjusted to obtain the best approximation to a
circle using the attenuators on the input legs of the mixer as a
final tuning step. These adjustments are necessary to maintain
the detector inputs below their saturation levels. At this point
the circuit is considered tuned, and the test section is mounted
in place of the sliding short.

Impedance Matching of Interferometer with Test Sample

Dielectric discontinuities within the experimental section
produce additional reflections which distort the recorded data.

Microwave impedance matching techniques 9 should be used to reduce
these distortions to obtain high resolution data from manual
reduction of the fundamental output waveforms. The easiest way to
reduce dielectric discontinuities is to adjust the various
material densities, using a technique to be discussed later, until
all materials have identical dielectric constants. Since this is
not always practical because of experimental constraints or the
termination of a sample to air, a simple quarter-wave dielectric
matching section can be inserted as required. Each experiment is
performed at a single, known frequency which permits these narrow
band matching techniques to be effective. Constructing an
impedance matching section begins with calculating the wavelength
of the microwave frequency in a waveguide filled with the
dielectric test material, and the impedance (Z) of the waveguide.

The guide wavelength (Xg) inside a waveguide filled with a

dielectric material of dielectric constant, Er , (see Reference 10)

is given by
11

2-7
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xg = Xo [ Er - ( XO/XC )2 ]-1/2 (2-5)

where
10

X0 = 29.969 * 10 mm/s freespace wavelength (mm) in air
frequency in Hertz

xC = cu:off wavelength (mm)

= 2 * broad dimension (mm), for rectangular waveguide, or

7 * diam. (mm)

1.841 , for circular waveguide.

The impedance of a rectangular or circular waveguide
operating in the transverse electric (TE) mode is given by

Z(TE) = ('o/co)/2 xg/Xo (2-6)

where

(o/Eo)1/2 = 120 = impedance of free space

E0 = free space dielectric constant (F/m)

go = free space magnetic permeability (H/m).

If two materials of different dielectric constant are adjacent
in a waveguide, part of any wave impinging on that junction will
be reflected because of the impedance mismatch. To have all the
microwave power propagate past the junction without reflection, a
quarter wavelength matching section of a third material is
inserted between the first two materials, with the provision that

Zqw(quarterwave section)2 = { Zi(mat'l 1) * Z2 (mat'l 2) }. (2-7)

In early work, the impedance matching technique used a Teflon
wedge. Although the wedge provided only partial matching, it was
simple and did help. The dielectric constant of the packed porous
bed of HMX was assumed to be near 3.0. (The actual dielectric
constant for this material had not been measured at that time by
us, nor reported elsewhere). Teflon was known to have a value for

Er around 2.1, and the value for air was known to be 1.0.

Therefore, solid Teflon was an intermediate valued material
suitable for use as a transition section. The wedge shape of the
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downstream end of the transition section allowed a smooth
transition between the impedances of air and Teflon, leaving only
the abrupt small change in impedance between Teflon and that of
the test bed. A better match would have been achieved with a
double-ended wedge, but this created problems in loading porous
test beds to constant density around the wedge. Valuable insight
into testing methods developed with experience, and we soon began
to include quarter-wave stub matching techniques in place of the
Teflon wedge.

There are many ways to find a matching material but, as will
be shown, it is convenient to use a powder that can be compressed
to a density resulting in the relative dielectric constant of the
desired value. In this case, 55 %TMD Teflon 7C powder has

Cr = 1.54.8 An 8.53 mm thick by 25.4 mm diameter cylinder of

Teflon 7C is pressed in another tube, then relocated at the
interface of the HMX which is then matched to air.

As an example of the equation usage, consider the problem of
matching a porous bed of 73 percent theoretical maximum density
(%TMD) Class D HMX in a cylindrical waveguide (25.4 mm ID) to
air. HMX (material 1) of this density has a dielectric constant,

Er, of 2.81 and air (material 2) has Cr = 1.00 (Reference 12). At

our frequency of 9.00 GHz, one can determine the values of the

wavelength in air, Xo, to be 33.29 mm, the cutoff wavelength in

the cylindrical waveguide, kc, to be 43.34 mm. The impedances can

be calculated from Equations (2-5,6) to be ZI(HMX) = 120 7/1.487,

and Z2 (air) = 120 n/0.6408. These values can then be inserted

into Equation (2-7) to yield Zqw = 120 n/0.9762. Equation (2-6)

yields Cr(qw) = 1.54 from the value of Zqw. This Cr value,

inserted into Equation (2-5) where the waveguide quarter

wavelength can be calculated, yields Xg(qw)/4 = 8.53 mm.

Circular Waveauide

Adaptation to circular waveguide was accomplished using
rectangular to circular transition sections purchased from Systron

Donner (DBG-030). These transitions output to circular waveguide
at 29.2 mm ID, necessitating the fabrication of an additional
transition to reach the desired waveguide diameter of 25.4 mm.
Short transitions were machined from brass rod to create this
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required shift in size. Copper tubing, plumbing Type "K", with
3.2 mm wall thickness, 25.4 mm ID, (nominal dimensions) is used as
standard circular waveguide sections due to its availability. The
cross section of this copper tubing is not perfectly constant, but
the changes in cross section are not abrupt and, therefore, do not
cause a problem with the transmission of the microwave power. A
non-constant cross section will normally cause the production of
higher order modes but, if they occur here, they will be quickly
damped, as long as the frequency is kept below 9.0 GHz in this
circular waveguide.

A simple design for coupling sections of circular waveguide
together was devised for our size waveguide. Brass rings are
soldered to the end of each copper waveguide section, and then the
joint is clamped together using steel flanges. The flanges are
recessed to allow the brass rings to just fit, then "hand"
alignment of the flanges was assumed to result in proper alignment
of the waveguide pieces. This was found later not to be the
case; alignment pins were then included on the flanges which
automatically assure waveguide alianment. These pins, shown in
Figure 2-3, also serve to preserve a fixed spatial orientation for
those compcne~its, such as tuners, which do not possess circular
symmetry.

Right angle circular waveguide bends were incorporated to
protect passive waveguide components downstream of the energetic
materials and to permit microwave interfacing to vertical testing
orientations. Later, straight circular sections of waveguide
loaded with a low-loss powder were also added as "damper

sections"13 to attenuate the detonation pressure wave and further
protect the expensive circular bends, rectangular-to-circular
transitions, and other waveguide components. In a further effort
to protect downstream parts, a short section of semi-rigid coaxial
cable was inserted into the circuit within the firing chamber.
This was done to add additional protection to our equipment from
strong pressure waves and also to limit the propagation of
unburned energetic material and inert damper material back to the
circuit table outside the firing chamber.
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FIGURE 2-3. CIRCULAR WAVEGUIDE ALIGNMENT FLANGE SETUP WITH
ALIGNMENT PINS SHOWN
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CHAPTER 3

DIELECTRIC MEASUREMENTS

Introduction

Both the analysis of reflector position from interferometric
output (Equation (2-4)) and impedance matching within the
interferometer (Equation (2-5)) require precise values of the

guide wavelength in the dielectric material, Xg. These values are

based on the relative dielectric constant (Er) for the material

and the type of waveguide. It is the value of Cr that relates the

microwave reflection mathematically to the bed's material
properties.

In a homogeneous medium the complex dielectric constant or

permittivity, ec, is given by; 9

cc EC [C' - jC"] (3-1)

where

E' = relative dielectric constant = Er

C" = loss factor produced by non-ideal dissipative currents

o= 8.854 * 10-12 Farads/m (Systeme Internationale (SI) units).

In further discussions where mention is made of dielectric
constant, the reference will be to the relative dielectric

constant, £r' unless explicitly stated.

There is little reference data for the variation of dielectric
constant with variables such as density, temperature, and
humidity. Although some dielectric constant measurements for
energetic materials were compiled by Lawrence Livermore National

Laboratory (LLNL),12 many of the materials of interest in the
present work were not available. Also, the LLNL data were not
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detailed enough for our application; dielectric data are presented
for a material in a range of densities at a given frequency,
rather than as a value of Cr for a specific frequency at a single

density. For example, Comp B measured at a frequency of 3 GHz is
reported as having a dielectric constant of 3.25 for a density

between 1.6 and 1.79 g/cm 3 . This sparse reporting of energetic
material dielectric data was inadequate for our needs; therefore,
to analyze microwave interferometer output data properly,
measurements of dielectric parameters were required for materials
of interest.

Automated Dielectric Measurement System

Early dielectric measurements were made at NSWC using a
slotted line section with samples encased in rectangular
waveguide. The accuracy of this technique was proven to be very

good when standard samples were checked.1 0 Unfortunately, this
method is tedious and time consuming, even though the slotted line
measurements are automated and the required calculation of a
transcendental equation is computerized. The variation of
dielectric constant with density follows an analytical mixing law,
relating the volume fraction of the constituents in the bed to the
dielectric constant of the mixture:

Er = Cl * C2  or logE r = v1 logC 1 + v2 loge 2  (3-2)

where

Cr = dielectric constant of the mixture

Ci = dielectric constant of the ith material at TMD

vi = volume fraction of the ith material, percent TMD/100.

This law has been widely attributed to various authors as being
empirically discovered, but was actually given a theoretical basis

as early as 1931 by Lichtenecker and Rother.14 In the case of
packing a single porous material to a given density, only the term

for the one material applies, since C2 for air is 1.0.

Measurements of dielectric constant as a function of bed
density were obtained for porous Class D HMX using this method.
Figure 3-1 shows a least square linear regression fit of the data
which is given by the equation
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iogl0L = 0.00001 + 0.00614 - (%TMD) . (3-3)

By insert-na 100 percent, the value of the dielectric constant
of TMD HMX is determined to be 4.11. This value is for a random
orientation of monoclinic crystals and can be compared to a
reporteo-2 value of Cr 3.087. Differing measurement frequencies

may account for the difference in values. Similar measurements of
dielectric constant as a function of bed density were obtained for
Teflon 7C, melamine, and mixtures of aluminum and melamine.

Cavity Resonan.e Method

With the recent availability of microwave generators that have
very good frequency stability and accuracy, it appeared that a
cavity resonance method of measuring dielectric constant would be
relatively simple and, therefore, much more acceptable to future
investiators wishing to make dielectric measurements of new
materials. This method involves an electromagnetic cavity which
can resonate at a series of frequencies, the lowest frequency
being the simplest to identify.

The cavity consists of a short, aluminum cylindrical section
(length of 15.4 nm and diameter of 15.3 mm) to be used with
circular waveguide. Irises of 8.4 mm diameter are matched to both
,nds of the transmission cavity section allowing the passage of

the maximum microwave power when the cavity is resonating. For
example, measuring the frequency of resonance of the empty cavity
yield a resonant frequency of fo" One then fills the cavity with

the dielectric material to be tested and again measures its new

resonance, f., The dielectric constant (Er) is then given by the

equation,

fo Cr
- r(3-4)

a-r

wre = 1.0, the dielectric constant of the empty cavity.

T-e acuracy of this procedure improves with the use rf
sa. ... r. samples having a known dielectric constant near the value

of Er instead of air. This should provide sufficient accuracy,
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given that the humidity and temperature are controlled during the
measurement and subsequent testing of the materials. A small
change in absorbed water vapor into the sample can make a
significant dielec.ric variation due to the fact that the
dielectric constant of water in this frequency range falls from 80
to near 40. By accomplishing dielectric measurements as well as
loadina in a controlled atmosphere, water vapor changes can be
neglected. A slightly more involved measurement using this
procedure is the determination of the imaginary or lossy part of

the complex dielectric constant, cc. To date, we have not

determined the imaginary part of Ec, but it could be obtained, as

the need arises, by taking one more measurement.

A potential problem with the use of the cavity method could
arise from measuring the dielectric constant of a porous material
through a range of densities. Each density of the porous material
will resonate at a slightly different frequency and, thus, any
variation cf dielectric constant with frequency is mixed within
the measurement. The waveguide slotted-line measurements are made
a- a single frequency, presumably the same ac the test frequency.
it is assumed that any variation in dielectric constant with
frequency is so small in this frequency range that it can be
ignored. As shown in Figure 3-2, this is the case for various

materials at room temperature.15 Unfortunately, similar data for
energetic materials of interest are not available. Figure 3-2
shows representative energetic materials that have been measured

at single frequencies !2 entered as data points.

:n te process of making the dielectric measurements2 0 of
mixtures of melamin- and aluminum at various densities, the value
of 100 percent TMD aluminum was determined by extrapolation.
Figure 3-3 shows least square fits of data from these mixture
measurements. By extrapolating the data of Figure 3-3 to 100
percent TMD, these values can then be used to calculate the value
of 100 percent aluminum. An average for this calculation results
in an effective dielectric constant of approximately 24 for 100
percent aluminum. Although the extrapolation is from a relatively
low density aluminum mixture and from relatively small particles

(504m in this case) of random shape, it represents a method to
obtain a value for the effective dielectric constant of a metal.

The electromagnetic determination of whether a material is an
insulator or a metal is usually made by comparing the displacement
currents to the conductive currents. The displacement currents
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are represented as the frequency multiplied by the dielectric
constant. Using a value of 24 for the dielectric constant of
aluminum at a frequency of 9.0 GHz, the displacement current at

OC = -2 F/m*s. The conductive currents are represented by the

conductivity of aluminum which is a = 4*10 7 S. The conductive

currents are 107 larger than the displacement currents and will
therefore dominate. There is little doubt then, that the
microwave reflection by aluminum is a result of conductivc
currents and not a dielectric discontinuity. The exact mechanism
producing the microwave reflection during cnvective burning,
compressive burning or detonation lies somewhere between these
extremes of pure metallic electron density and dielectric
discontinuity. Possibly a combination of these two mechanisms
(dielectric discontin-iuy and ionization front) affect reflection
in our testing.
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CHAPTER 4

INTERFEROMETRIC SIGNAL ANALYSIS

In the experiments to be discussed, the interferometer has
monitored the motion of one or more reflectors within the test
section. The analysis of the signal from both a single reflector
and two reflectors will be described, beginning with the simpler
single reflector. Consider Figure 4-1 where the left side of a
conductive waveguide is filled with an energetic material through
which a shock (microwave reflector) is propagating. A reference
plane is placed an arbitrary distance R. from the rightmost edge

of the energetic material (the matched interface). The distance
from this matched interface to the shock front is R2 . The

unshocked material has a dielectric constant of £2, which

corresponds to an internal microwave waveguide wavelength of X2 .
As the shock front moves through section 2 with velocity U, it
only changes the distance R2 . At any particular instant, the

distance from the reference plane to the reflector and back is

2 * (R1+R2). The total number of wavelengths in this distance is

2 * (RI/x 1 + R2 /%2 ) . Since a single wavelength corresponds to 2n

radians in angular rotation, the total angular rotation (0) for
the round trip from the reference plane is

= 2n * 2 * (RI/X 1 + R2/X2 ) (4-1)

The angular frequency (w) is the rate of change of this total
angle and can be related to the velocity of the reflector (U) by
the relation

d4/dt = in d(Rl/X I + R2 /X2 )/dt = 4n/X 2 dR2/dt

4 n U/X2  (4-2)
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The reflector velocity, in terms of the Doppler beat

frequency (fb = (0/2n), becomes

U = k2  * fb / 2 . (4-3)

Note in Equation (4-3) that the pstn of erence plant

and any material beyond the test sample has no effect on the
result. Thus, any matching section has no effect except to
efficiently transmit microwave power to and from the sample.

Using the shock velocity, U = x/t, and the period of the beat
frequency, Tb = 1/fb, Equation (4-3) can be reduced to

X2*t
x -(4-4)

2*Tb

Equation (4-4) was used as a simplified reduction method to
analyze the locations of sine wave extremes and obtain a plot of

the displacement history for the moving reflectors in the
following discussions. Simple manual reduction of fringe data
involves determination of beat fringe data crests and troughs for
the quadrature signal and knowledge of the microwave wavelength in
the dielectric material. To properly plot the displacement versus
time history, one must realize that two output beats occur due to
the reflecting surface displacement through one wavelength. This
methodology was used in the simple analysis of the data that will
be presented. Even though a plot including zero crossings of the
signal and its quadrature would have yielded better spatial
resolution and accuracy, the amount of harmonics combined in the
output signals makes this added effort unproductive.

Velocities obtained from this simplified method are very good
provided that the velocity does not change appreciably in less
than half a wavelength in the material. The use of Equation (2-4)
(displacement analyzed directly from quadrature data) would be
required to follow large changes in velocity if they were to occur
within a half wavelength.

In many of the microwave interferometric experiments, data
containing more than one Doppler beat frequency have been obtained.

In projectile impact experiments, a piston is accelerated to a

particular velocity and then impacts a porous bed, causing a shock

front to propagate ahead of the piston. The shock front as it

propagates, produces a dielectric discontinuity in the bed due to
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the compaction/density change. This moving dielectric
discontinuity reflects a small portion of the microwave signal
which is added to the larger reflection from the piston, giving
the superimposed signal shown in Figure 4-2. A microwave circuit
model for this case is shown in Figure 4-3. The analysis follows
the same pattern as did that of the single reflector of Figure 4-1
with the add)ition of section 3, corresponding to the compacted bed

between the shock front and the piston.

In Figure 4-3 we can assume that a waveguide section is loaded
with a material sample of length (R2 + R3 ). A piston moving with

a particle velocity u has impacted the material causing a shock
wave to propagate through the sample with a velocity U. The

material between the shock wave and the piston (a distance of R3 )

is compressed to a high density relative to the initial density,

changing the dielectric constant of this material from its

original value E2 to a higher value C3"

The dielectric discontinuity between E3 and C2 at the shock

front is responsible for a partial reflection that can be analyzed

using Equation (4-3). The remaining majority of the signal that
is not reflected passes through the shock front into the

compressed region of £3, As it arrives at the piston, which is

capped with aluminum foil, the signal is totally reflected. This
piston motion imparts its Doppler shift to -he reflected signal.

Both the piston reflection and the shock wave reflection travel
back to the quadrature detector where their output appears as
superimposed beat frequencies, as can be seen in Figure 4-2. The
lower frequency of Figure 4-2 is recognized as being associated
with the slower moving piston. The high frequency ripple is
associated with the partial reflection at the faster moving shock
front.

Viewing the model in Figure 4-3, compared to that of

Figure 4-1, it can be observed that the reflections from the shock
front are identical. Thus Equations (4-3) and (4-4) are still
valid in determining shock velocity, U. The piston velocity

(assumed to represent the particle velocity) requires a

modification to account for its microwave signal traveling through
the region R3 whose boundaries are both moving. This

modification is given by
16
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u ? 2 - X3 ) + ( f p X 3 ) (4-5)1112

where fp is the beat frequency due to the piston; the remaining

symbols maintain their previous definitions. Using this analysis,
a reduction of the superimposed fringes from their respective
regions can be obtained. It has been found that the piston
velocity derived from the microwave data corresponds well with the
piston velocity determined using the more conventional method of

streak photography.

We have described the operative mechanism for the reflection
of microwave energy as a discontinuity in dielectric constant.
Also, we have discussed the reflections that occur due to the foil
covered piston face, where total microwave reflection is produced
by the conductivity or the density of free electrons in the
aluminum. We have not, however, ruled out the possibility that an
ionized front of minimal charge density is also a microwave
reflector in the case of building reaction. It is yet to be
determined what the true mechanism of reflection is within the
reacting front.
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CHAPTER 5

INTERFEROMETRIC MEASUREMENTS FROM VARIOUS ARRANGEMENTS

Simple Detonation Velocity and Detonation Transfer Experiments

This section will describe experimental arrangements used in
the development of the microwave interferometric technique and
various measurements obtained. All developmental testing used
porous Class D HMX loaded at 73.0 percent TMD (1.387 g/cc) as the
material being monitored, or as the shock driver in inert
compaction tests to study shock attenuation through the inert
media. HMX was also used in two detonation transfer experiments
which used a section of NaCl between two lengths of the HMX.

In the earliest experimental development, the test sample
consisted of a rectangular waveguide section, 10.2 mm x 22.9 mm
(0.400 in x 0.900 in), loaded with Class D HMX. The microwave
interferometric circuit was terminated by this waveguide section.
An RP-80 detonator was used to initiate reaction within the test
bed. The technique for impedance matching in these early shots
was to use a Teflon wedge, as shown in the setup of Figure 5-1,

for reasons stated earlier.

Resulting output fringes for this test are shown in
Figure 5-2. These raw data are indicative of many of the early
tests where a baseline shift in the output fringes occurred at
early times. The baseline shift is most likely due to the
arbitrary placement of the short at the end of the waveguide
section. The fringes will naturally tend to the center of the
beat signals, regardless of their amplitudes. This could be
eliminated through the use of a phase shifter in the input leg of
the interferometric circuit (one has not been readily available
for our use to date). It can be seen from these data that a very

constant frequency of output fringes was obtained. Constant
frequency fringes indicate a steadily moving reflection front and,
in this case, the reflection front was a steady state detonation
of the energetic material. Using manual reduction procedures on
these fringes, a plot of displacement versus time of the
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propagating detonation wave was determined as shown in Figure 5-3.
The velocity of the detonation front was determined to be

6.63 mm/gs, comparing well with other experimental results
obtained from Lexan tube confinement of detonating Class D HMX.

Two other early tests in rectangular waveguide involved
ccmposie HMX-NaCl samples. A steady state detonation was
initiated in a section of 73.0 percent TMD Class D HMX, loaded at
1.387 g/cc, then attenuated through a section of NaCl (1.285 g/cc,
59.4 percent TMD) with SDT then observed in a second section of
Class D HMX, again loaded at 73.0 percent TMD. NaCl was chosen as
a material that would exhibit a good deal of ionization as a shock
wave passed through its length (it had been postulated that
ionization was required for reflection to occur). A piece of
0.003 in Al foil was loaded 25.4 mm away from the detonator in the
first bed of HMX to allow the early detonation wave to become
steady before passing through the foil and reflecting the
microwave signal.

Figure 5-4 shows raw data for M-7, the first of these two
similar tests, and Figure 5-5 shows the displacement versus time
histories of the two tests compared. A prominent and interesting
phenomena was encountered. Detonation of the first HMX bed

appeared to be not promptly initiated by the RP-80 detonator. The
microwave data seem to indicate that a shock wave preceded the
onset of detonation, well beyond the aluminum foil loaded 25.4 mm
into the HMX in both tests. The evidence for this is the
increased detonation velocity in the early section of the test
bed; the detonation wave slows at the point where the detonation
wave would have overtaken the compaction wave and entered the
lower density region. This, though, could also be due to a
reflection from the aluminum foil, associated with the diverging
wave front passing through, causing a misinterpretation.

A repeat of experiment M-7 showed this phenomena to be

attributable to the test itself and not an artifact of the test.
In both cases, propagation of the shock through the NaCl bed was
clearly visible, indicating that the interferometer could be used
to monitor a shock propagating through this inert material. This
supported the hypothesis that ionization was contributing to the
microwave reflection but did not discount the possibility that
reflection might be due either to the compaction occurring with

the passage of the shock front or, possibly, a combination of the

two.
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Shock Wave Reflections

Tests were run to further our understanding of the compaction
wave strength necessary to ceflect the microwave signal within an
inert, presumably non-ionizing, material. These tests consisted
of a detonating bed of Class D HMX driving a shock wave into a
length of porous Teflon. In the first test, both a detonation
front (velocity of 7.14 mm/gs) in the 76.2 mm section of 73.0
percent TMD HMX and the shock wave in the 133.2 mm section of 60.0
percent TMD Teflon 7C were monitored by the interferometer. The
shock velocity slowed to 0.90 mm/gs before the recording period of
the instrumentation ended. The raw data of Figure 5-6 show that
the output fringes for the detonation wave from our circuit were
undergoing a baseline shift. If a compaction wave in the HMX is
assumed in this case, then fitting a sine wave through the data
and using Equation (4-3) reveals that the velocity would be
approximately 0.40 mm/gs. This estimated compaction front
velocity compares favorably with the velocity one expects for a

low amplitude compaction wave in Class D HMX.17 Also note that
the measured velocity of the detonation front is higher than
expected for the initial density of 73.0 percent TMD Class D HMX;
the higher velocity supports a pre-compacted bed postulate.

A second test was run using the same arrangement to explore
further the compaction strength necessary to reflect microwaves.
This time, though, a piece of aluminum foil was placed within the
bed of Teflon 7C, 38.1 mm from the HMX/Teflon interface so that
all reflections would hopefully be from the Teflon bed. If the
shock front were weak enough to reflect only a portion of the
signal, the remainder would be reflected from the aluminum foil
moving at the particle velocity of the porous bed, and the two
signals would be superimposed. No evidence of superimposed waves
was observed in the output of this test; therefore, no direct
information could be deduced to separate the particle (foil)
velocity from the compaction front velocity. Although the
recorded waveform was not smooth nor easy to analyze, use of
Equation (4-4) indicates that a front could be followed for
-100 mm (or 70 ps) into the Teflon. The computed velocity was
approximately 0.16 mm/s originally, and slowed to a nearly
constant velocity of about 0.05 mm/ps. It is evident that these
data represent the particle velocity and not the compaction
velocity. The compaction front signal superimposed on the
reflection from the aluminum foil was evidently not of sufficient
strength to be seen above the compaction signal or other noise.
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In further testing, a 30 percent aluminized inert sample was
tested to simulate a "worst case" for the testing of aluminized
energetic material. Melamine was chosen as the inert to which
aluminum particles of 200 pm diameter were added. Figure 5-7
depicts the experimental test section assembly and shows a new
impedance matching section which utilized a one-quarter wavelength
matching plug. Raw data for this test are shown in Figure 5-8.
The associated reduced displacement versus time data are given in
Figure 5-9. The raw data of Figure 5-8 show that a steady
detonation began as early as 4 gs, following a short process which
appears again to be compaction of the bed. From the reduced data
of Figure 5-9 the velocity of this detonation wave is seen to have
a constant value of 6.21 mm/s. The HMX section was loaded 76.20
mm in length, implying that the detonation transited the HMX in
about 12.3 gs, or that the shock arrives at the inert at about
14.5 gs (including a delay fcr initiation of the RP-80 detonator.
After this time, the raw data of Figure 5-8 indicate that the
Doppler period is increasing, and that the shock wave is slowing
as it transits the aluminized inert. This is also quite evident
in Figure 5-9 where the slope (velocity) of the curve decreases to
a value of 0.53 mm/gs at about 100 gs. These experiments
demonstrate the technique to be useful for even this severe case
of an energetic material containing 30 percent aluminum with only
an "inert" shock propagating within.

Gar Type Experiments

The interferometric circuit was adapted to the arrangement of
a gap test. The setup with the microwave interface is shown in
Figure 5-10. Several tests were completed in which the velocities
obtained from both streak camera records and microwave data agreed
within experimental error (3 percent). The output of raw test
data from the first of this type of test on Type "A" Fluid ball
powder is shown in Figure 5-11. For this experiment, a layer of
aluminum foil was placed between the donor explosive and the
polymethylmethacrylate (PMMA) gap material in order to monitor the
pressure wave propagating through the PMMA. The raw data in
Figure 5-11 show interference noise from the pulse output of the
power supply, then more noise from the actuation of the
detonator. Low amplitude reflections cause fringes to become
evident in the PMMA only as the shock wave passes through the
final several millimeters. After a slowly increasing amplitude
and frequency, a ringing noise is seen in the signal (also seen in
other experiments), corresponding to the onset of detonation in
the acceptor charge.
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Figure 5-12 shows that the comparison between the streak
camera and the microwave displacement-time data is not exact, but
agrees very closely. The differences can be accounted for by the
variation in the measurement methods. Camera observations look at
the exterior of the charge and therefore see only the motion of
the waves as they reach the exterior surface; hence, additional
time for the transit of a shock wave through the wall of the
confinement tube is required. The microwave system, on the other
hand, looks through the interioi length of the bed and averages

the reflection over non-uniform suriaces (curved fronts). The
discrete microwave data (-3 mm resolution) are thus seen to lead
in time the continuous camera data obtained from the exterior.

Review of this gap expeziment revealed that little reflected
microwave signal was detected as the shock wave traveled through

the PMMA. In a 1965 paper by E. Johnson, 4 it was stated chat the
propagation of the shock front in their plexiglass gap material in
a similar arrangement had been recorded. This may be a function
of the gap material used and how well the materials were impedance
matched. A reflection frcm the shock wave in our gap material

(presumably non-ionizing) would be of interest in view of a paper

by Anicin, et al. 18 This paper minimized the importance of high

electrical conductivity as being responsible for the reflection of

microwaves. Since this view is not shared by all workers 1,3,6,7 in

the field, it was decided that the gap ter would be redesigned to
enhance any microwave reflection that might occur during the
passage of the PMMA shock wave. A large portion of the microwave
power that had entered the PMMA could have easily radiated through
the non-conducting sides in the first test. Consequently, Lhe
little signal that was reflected most probably would have been
lost due to the physical size difference between the PMMA and the
waveguide. Also, impedance across this interface was not matched,

causing some power reflection at the junction of the gap material
and the test bed, further reducing the return signal from this
region.

The material in the next test was again Type A Fluid ball

powder, with the addition of a conducting foil layer wrapping the

sides of the gap material. This was intended to allow the

microwave signal within the PMMA to c. LY only back into the

interferometer. In this test, there was little, if any,
improvement in the fringe signal obtained from the propagation of
the shock wave through the PMMA gap. These results are most

likely due to the dielectric discontinuity of the Sap/acceptor
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interface, and also possibly to the multiple reflections within the
PMMA from the conductive walls. As expected, the fringes for the
buildup to detonation data in the acceptor were almost identical to
the previous test.

Continuing with gap type experimentation, a change to 65.0
percent TMD Class D HMX as the acceptor material provided a perfect
microwave impedance match between the PMMA gap and the acceptor
bed; this should increase any reflections of the shock in PMMA.
Aluminum foil was again used to surround the PMMA and thereby
maximized the chance of detecting shock wave reflection within the
gap material. In the raw output for this test, shown in
Figure 5-13, expanded around the area of interest, one can see the
increased reflection of the shock passing through the PMMA. This
observation confirms that in the previous gap experiments very
little microwave power penetrated into the PMMA and back out

through the unmatched PMMA/acceptor interface.

In this HMX gap experiment (with the impedance matched
interface) a reflection was observed traveling through the entire
length of the gap material, which appeared to be the shock front.
A superimposed "arbitrary shift" was again observed in the data.
This test demonstrated that shocks in solid materials can be
monitored when the circuit is adequately matched to the test
sample. Here, it is reasonable to expect a small dielectric

discontinuity to be present in solid PMMA under these high pressure
shock loading conditions; ionization associated with the shock
front is not as likely. Since the initial dielectric constants of

the porous bed and the PMMA were identical, the amplitude of the
reflection in the PMMA gap of Figure 5-13 indicates that the
reflecting discontinuity in the PMMA was greater than the
discontinuity which occurred in the compression of the 65 percent
TMD porous explosive bed. Alternatively, it is possible that
ionization is responsible for the reflection in the compressing
PMMA. For this experiment then, a dielectric discontinuity in the

gap material would seem to not be the sole reflecting mechanism.

Fringe data from the HMX gc.p experiment show that the shock
velocity through the PMMA is rapidly slowing from the detonation
velocity of the pentolite donor as the pressure is attenuated by

the gap. The raw data of Figure 5-13 show that SDT was attained in
the bed of HMX. The data also show the propagation of an "air
shock" in the waveguide beyond the energetic bed. Because of its
large amplitude, this air shock reflection may be due to the gross
discontinuity of the open circuit caused when the waveguide is
destroyed following the passage of the strong shock front.
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Piston Driven Compaction Apparatus Testing

A microwave circuit interface for the piston driven compaction

(PDC) apparatus 17 was developed as shown in Figure 5-14. This
apparatus is used to simulate the final stages of DDT (compressive
reaction, and SDT) by propelling a long piston into a porous bed.
The piston impact maintains an approximately constant pressure up

to 200 MPa for times as long as 200 gs, depending on the piston
length, sound speed of the piston material, and the propelling
charge. The microwave interface allows injection of the incident
microwave signal through the downstream end plate. The signal is
reflected off the surface of the piston, which is either aluminum
or aluminum-faced Lexan, with nearly 100 percent reflection. Any
reaction zone or dielectric discontinuity (shock front in this
case) within the test bed will also cause a reflection of a
portion of the microwave signal at its location.

The bed, as initially loaded, has a well characterized
dielectric constant. Upon impact of the piston on the test bed, a
shock wave is propagated through the bed in advance of the piston,
with a velocity almost an order of magnitude faster than that of

the piston. Shock wave propagation causes compaction of the
porous media, creating a discontinuous jump in dielectric constant
across the front. The reflected signal from the dielectric
discontinuity at the shock (compaction) front can be accurately
analyzed to give the velocity of compaction front propagation
(Equation (4-3)). Calculation of the piston velocity from the
reflected signal requires the use of Equation (4-5) to account for
the compacted porous bed between the piston and the shock front.

The first microwave interferometric test of this apparatus
used a steel tube loaded with melamine which was impacted by an
aluminum piston. The microwave signal was transmitted through the
inert bed of melamine, reflected off the advancing piston, back
through the melamine, and out to the interferometric circuit.
Superimposed on this signal was the higher frequency, lower
amplitude reflection from the shock wave traveling through the
melamine at a higher speed than the piston that impacted the bed.
The raw data for this test are provided in Figure 4-2. An x-t
plot using the simple analysis of Equation (4-4) is shown in
Figure 5-15. Independent records were taken of both the piston

displacement, using a streak camera, and the shock wave position,

using self-shorting pressure pins mounted flush with the ID of the

steel tube. The microwave data yielded a compaction front

velocity of 0.61 mm/gs from the interference fringes and
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0.58 mm/ps from the pin record (In the initial analysis where no
account was made for the change in dielectric constant in the
compacted region of the test bed, the piston velocity derived from
the microwave signal was nearly 2 times greater than that measured
by the streak camera). Investigations into the most appropriate
method to incorporate the variation of dielectric constant within

the compacted region into our analysis scheme were completed16 as
discussed earlier. Revised analysis results are in agreement
(shown in Figure 5-16) between the microwave data and the camera
data.

Further testing with this apparatus on both high explosives

and propellants is reported elsewhere. 19,20,21
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CHAPTER 6

COMPUTER ANALYSIS TECHNIQUES

Waveform Synthesis

Efforts to synthesize examples of the resulting waveforms as
obtained from PDC testing began with sine wave synthesis. With
synthesis, two separate computer generated sine waves of different
magnitude, frequency, and phase were added together to give a
rough estimation of the experimental data, which in turn gave
insight into a more complete understanding of the reflective
processes producing the output data. It was seen that the
addition of harmonic reflections to pure sine waves distorted the
wave shape in a manner that displayed similar charateristics to
fringes recorded during experiments. The harmonics included in
the synthesis were made up of second and third harmonics, each
harmonic set to only a fraction of the power of the previous
reflected wave amplitude. Relative phase between the waves was
also treated as a variable. This displayed the most accurate
representation of actual data, with the least complexity. All

harmonics beyond the third were determined to be insignificant.

Fast Fourier Transform Analysis

Data analysis of past experiments has been aided by computer
synthesis of expected waveforms but the final results were still
being manually processed. Use of a Fast Fourier Transform (FFT)
in our signal processing has subsequently been investigated. Raw
output data is in the form of a discrete amplitude-time record
which, when transformed into the frequency domain, defines the
magnitude of the harmonics associated with the desired Doppler
fundamental. A Discrete Fourier Transform (DFT) program has been
adapted for use on local computers. Also, a filtering program was
adapted that applies a filter to frequency domain data. It allows
selective filtering of the data for removal of a range of
frequencies. Either the harmonics can be removed or a single
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harmonic can be selected with all else removed. The time domain
data can then be viewed after filtering to assure that nothing has
gone wrong.

To this point the harmonics had only been considered a
detriment to accurate signal analysis. With Fourier transforms
and digital filtering techniques, it was decided to attempt an
analysis using the harmonics to attain higher resolution. An
experiment was run to test the possibility of increasing the
resolving power of the microwave interferometer by using higher
order Doppler harmonics for analysis of experimental wave motion.
The ability to do this is dependent on the amount of power
available in the higher harmonics of the recorded data and on the
resolving power of the Fourier transform analysis method to
separate the harmonics from the noise. If it is possible to use
the higher harmonics, it will then be possible to perform
microwave measurements at centimeter wavelengths and obtain the
resolution presently expected from millimeter and sub-millimeter
wavelength experiments.

Raw microwave data output is obtained in the form of Doppler
frequencies given by

2v i = nfDi*Xgi (6-1)

where

n = the order of the Doppler harmonic

fDi = Doppler frequency of the ith reflection

vi = velocity of the ith reflection

Xgi = guide wavelength within the media in which

the ith reflection moves.

Depending on the experiment, the Doppler output might be a
simple sine wave of constant frequency or any combination of
multiple varying frequencies and their harmonics. From the
Doppler formula, vi, the velocity of the moving reflectors, is a

property of the energetic material under investigation. It is the
unknown quantity to be measured and not a variable that can be

changed at will. The microwave wavelength, Xgi, can be changed by

the experimenter, but only to a limited extent. A critical
diameter required for steady state detonations in energetic
materials limits the minimum usable diameter. This in turn limits
the maximum microwave frequency allowed before the onset of higher
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order microwave modes. Data from multiple mode experiments is too
complicated to decipher using present techniques and, therefore,
Xgi is also limited by the material being investigated. All of

this leads to the fact that fDi' the Doppler output frequency, is
fixed to its upper limit by the energetic material.

The number of cycles of the Doppler fringe output available to
determine its frequency can then only be reasonably expanded by
making the test sample longer in physical length. At least a
quarter wave of the Doppler fringe output (between the point of
inflection and zero slope) is required to resolve the Doppler
frequency; these characteristics are usually masked from precise
determination due to the addition of distortions. Fourier
transformation of the output data from the time domain to the
frequency domain allows the separation of harmonics from the
fundamental. The nature of the resolution of the Fourier
transform is such that the determination of the Doppler frequency
again depends on the number of cycles available for
transformation. In an effort to circumvent these apparent
restrictions, it is possible to utilize one of the higher
harmonics for analysis instead of the fundamental. The use of the
second Doppler harmonic results in the same precision that occurs
by increasing the microwave excitation frequency from 9 GHz to
18 GHz, yet avoids the higher order modes of the critical diameter
problems. To test this idea analytically, the generator of the
harmonics was modeled to determine which harmonics are most
useful. Obviously, the higher the harmonic, the better the
resolution.

The following analysis is illustrated in Figure 6-1. If a unit
power is incident on a fixed boundary/interface of a lossless
dielectric and if (l-p) is the fraction of the power reflected
from there, then p is the power transmitted through the lossless
dielectric. It is assumed that the dielectric is terminated by a
perfect moving reflector, so that p is reflected with a Doppler
shift and is returned to the initial boundary. At the boundary,
p2 is transmitted toward the detector, and p(l-p) is re-reflected

toward the moving reflector. Here it undergoes a second Doppler
shift and is then returned to the fixed boundary. Multiple
reflections continue producing multiple harmonics, though each
succeeding harmonic diminishes the available power. The general
term for the Doppler harmonic returned to the detector in the
lossless case is
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p2 , An(l-p)n-1 (6-2)

where n is the order of the Doppler harmonic.

To maximize the power return of any particular harmonic, the
dielectric mismatch can be adjusted. Table 6-1 gives the values
of the transmission coefficient needed to produce the maximum
power at any given Doppler harmonic.

TABLE 6-1. VALUE OF TRANSMISSION COEFFICIENT NEEDED TO MAXIMIZE
ANY PARTICULAR DOPPLER HARMONIC

Doppler harmonic Transmission Coefficient
Ap

1 2/2 = 1 (no mismatch)

2 2/3

3 2/4 = 1/2

4 2/5

n 2/(n+l)

Given the values of Table 6-1, it is now possible to translate
this information to values of dielectric constant which will
produce the required reflections. It is only necessary to know
the specific experimental apparatus to calculate the required
value. The current reflectometer uses 25.4 mm ID circular
waveguide, operated in the dominant transverse electric field mode
(TE11). Figure 6-2 is a plot of the required dielectric necessary

to maximize a particular harmonic return. Figure 6-2 shows that
the required dielectric constants are far greater than are
normally encountered in energetic materials, especially if
anything greater than the second harmonic is maximized. It does
indicate that some gain can be obtained by lowering the operating
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frequency and use the harmonic data. Fortunately, any dielectric
discontinuity will produce some power reflecti.n, though not a
maximum, at higher harmonics. Since real experiments contain
lossy materials and sometimes partially reflecting multiple
fronts, it seemed more reasonable to forego the theory temporarily
and perform an experiment to determine how high a harmonic is
usable in the analysis of moving reflection fronts.

it was decided to repeat a previously ran test (initial
PDC/melamine test). Since it incluies a reflecting piston driving
a shock -.ave through an inert melamine bed, this experiment would
allow a. douSte reflection. One reflection would be from the shock
wave and the other from the piston, withoit the added complica-ion
of a reaction of an energetic material. The major difference
between this and previous experiments is that all past experiments
had been carefully matched to avoid producing interface
reflections. This experiment was a repeat of the previous test,
but with a purposefully mismatched air to melamine interface.
Also, the bed was extended in length to 305 mm (12 in) from 152 mm
(6 in) to allow a longer time base fc._ iesolving the data with the
Fourier transform analysis method.

Figure 6-3 depicts the amplitude-time output of this
experiment. The data show a large amplitude distorted sine wave
at a frequency near 5.5 kHz and a superimposed ripple about 8
times higher. The large amplitude reflection is due to the
Doppler shift from the impacting piston, and the ripple is
associated with reflection from the induced shozk wave. If the
peak-to-peak time values are scaled from the piston beats of the
time domain data in Figure 6-3, there is an increase in period due
to the slowing of the reflecting piston over the duration of the
experiment. However, the amount of distortion present makes it
very difficult to accurately deduce information from this time
signal. Figure 6-4 shows the Fourier transform of the time data
and shows that the lowest frequency group is centered around
5.5 kHz as a result of the piston movement. The width of this
data group is a function of any change in the velocity of the
piston during the experiment and how long the time base (how many
cycles) existed for the piston. If the piston traveled at
constant velocity for a long time with a large number of beat
cycles captured, a narrow frequency spike would be expected. The
second and third harmonic of the piston have been labeled on the
figure. Surprisingly, no definite band of frequencies can be
assc-iated with the compaction front. The compaction front is
known to exist near 40.5 kHz, noting the time of 20 cycles in
Figure 6-3 and inverting the time of an average cycle.
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The object of this experiment was to attempt to determine if
more precise information could be obtained by using harmonics of
these fundamental reflection fronts and, to that end, the second
harmonic of the piston was selected for analysis. A bandpass
filter (Hanning 8.3 to 12.5 kHz) was applied in the frequency
domain, then transformed back to the time domain (Figure 6-5). It
is much easier here to obtain precise time values than it was with
the fundamental because the filter removed the distortion. More
importantly, for an equal time base, these data provide twice the
information of the fundamental. Therefore, it has been
demonstrated that harmonics do indeed produce a higher
resolution. What remains is to find how high the most usable
harmonic might be, and then the maximum resolution of the
interferometer will be determined for this analysis scheme.
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CHAPTER 7

CONCLUSIONS AND SUMMARY

It has been demonstrated that microwave interferometry can
provide information about events that occur before and after
energetic materials start to release their energy. It is a non-
intrusive and continuous monitoring process which can result in
nearly continuous output data resolution. The output data possess
information from partial reflections, which allow multiple,
simultaneous processes to be viewed. With its careful application
and the aid of modern signal processing techniques, microwave
testing has been adapted to several energetic materials tests and
analyses. In some cases, such as high confinement vessels with
heavy steel walls, microwaves are the only viable source of
continuous information. Microwave interferometry is not a simple
technique available to the casual experiment but, as is the case
ot most techniques, the method requires dedicated equipment and
operators.

The results from using microwave interferometry to measure the
velocity of impactors, shock fronts, or reactions fronts have been
shown to be comparable to conventional techniques. Two new
techniques wer investigated that show promise in the area of data
processing. The use of Doppler harmonics and the use of Fourier
transforms have demonstrated a greater resolution of reduced
information in a given experiment. Determination of the
dielectric constant and the requirement for accurate values have
been discussed. Two methods to obtain the dielectric constant are
given. It can be concluded that microwave interferometry is a
useful tool for investigating reaction phenomena in energetic
materials, yet its useful capabilities could be enhanced with
further analytic development.
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